Poly(phenylene ethynylene)-coated aligned ZnO nanorod arrays for 2,4,6-trinitrotoluene detection by Zhu, Defeng et al.
	 	
	
 
 
 
This is the published version:  
 
Zhu,	Defeng,	He,	Qingguo,	Cao,	Huimin,	Cheng,	Jiangong,	Feng,	Songlin,	Xu,	Yuansen	and	Lin,	Tong	
2008,	Poly(phenylene	ethynylene)‐coated	aligned	ZnO	nanorod	arrays	for	2,4,6‐trinitrotoluene	
detection,	Applied	physics	letters,	vol.	93,	no.	26,	pp.	1‐3.	
	
	
Available from Deakin Research Online: 
 
http://hdl.handle.net/10536/DRO/DU:30018004	
	
	
	
Reproduced	with	the	kind	permission	of	the	copyright	owner.		
	
Copyright	:	2008,	American	Institute	of	Physics	
Poly(phenylene ethynylene)-coated aligned ZnO nanorod arrays for 2,4,6-
trinitrotoluene detection
Defeng Zhu, Qingguo He, Huimin Cao, Jiangong Cheng, Songlin Feng et al. 
 
Citation: Appl. Phys. Lett. 93, 261909 (2008); doi: 10.1063/1.3063045 
View online: http://dx.doi.org/10.1063/1.3063045 
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v93/i26 
Published by the American Institute of Physics. 
 
Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/ 
Journal Information: http://apl.aip.org/about/about_the_journal 
Top downloads: http://apl.aip.org/features/most_downloaded 
Information for Authors: http://apl.aip.org/authors 
Downloaded 06 May 2013 to 128.184.184.36. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions
Poly„phenylene ethynylene…-coated aligned ZnO nanorod arrays
for 2,4,6-trinitrotoluene detection
Defeng Zhu,1 Qingguo He,1 Huimin Cao,1 Jiangong Cheng,1,a Songlin Feng,1
Yuansen Xu,1 and Tong Lin2
1Shanghai Institute of Microsystems and Information Technology, Chinese Academy of Sciences,
Shanghai 200050, People’s Republic of China
2Centre for Material and Fibre Innovation, Institute for Technical Research and Innovation,
Deakin University, Victoria 3217, Australia
Received 9 October 2008; accepted 10 December 2008; published online 31 December 2008
The structure of ZnO nanorods coated with fluorescent polymer polyphenylene ethynylene PPE
have been fabricated for 2,4,6-trinitrotoluene TNT detection. In this structure, hydrothermally
synthesized crystalline ZnO nanorod arrays were used as waveguides and supporting materials for
the TNT sensitive polymer, PPE. The evanescent-wave guiding property of the ZnO nanorod
waveguide considerably increased fluorescence intensity. The space between the adjacent nanorods
and the larger surface-to-volume ratio of the nanorods enhanced the fluorescence response
quenching to TNT vapor. This work will contribute to design of combining ZnO nanorod arrays
with a functional polymer for sensor applications. © 2008 American Institute of Physics.
DOI: 10.1063/1.3063045
Nanostructured semiconductors have attracted growing
attention because of their high surface-to-volume ratio and
unique electrical and optical properties.1–4 Zinc oxide ZnO
nanorods are of particular interest for their potential applica-
tions in the fields of piezoelectrics,5 electroluminescence,6
photoluminescence,7 nano-optoelectronics,8 and sensors.9–11
However, most of the sensors showed low selectivity and
sensitivity.
Polymer polyphenylene ethynylene PPE has been
found to have high sensitivity to 2,4,6-trinitrotoluene TNT
and has been in use to detect TNT vapors in military and
homeland security.12 The basic principle of sensing is based
on specific polymer-analyte binding and resultant quenching
of the polymer fluorescence. The sensor devices are typically
prepared by coating the polymers on smooth quartz sub-
strates. To enlarge the sensing surface, inorganic nanospheres
have been used, and the nanosphere-supporting polymer sen-
sors showed improved energy migration and reduced delete-
rious effects caused by self-aggregation of polymers.13 How-
ever, the nanosphere-supporting polymer sensors met
problems with low uniformity and rigidity, as well as the
lack of optical modulation.
In this letter, we report a ZnO nanorod-PPE hybrid struc-
ture for TNT detection. Here, ZnO nanorods were used as
waveguides and supporting materials due to their favorable
properties, such as high rigidity for vertical standing on the
substrate, large bandgap for broadband optical transparency,
and high index for strong confinement of light. The PPE
coating served as sensing materials to TNT vapor. The mea-
surements of fluorescence response to TNT vapor demon-
strated that the performance of ZnO nanorod-PPE hybrid
structure for TNT detection was considerably improved com-
pared with that of PPE deposited on quartz plate directly.
Before fabricating ZnO nanorods, a seed layer of ZnO
nanoparticles was deposited on quartz plates with a sol-gel
method.14 A mixture composed of 2.2 g zinc acetate dihy-
drate, 0.6 ml monoethanolamine, and 30 ml
2-methoxyethanol was stirred at 60 °C for 30 min, followed
by being spin coated on quartz substrates with a rotation rate
of 2000 rpm. The seed layer was finally formed after 1 h
postannealing at 400 °C. Quartz plates with ZnO seed layer
were then inserted into a solution containing equimolar
mixed zinc nitrate ZnNO32 and hexamethylenetetramine
HMT CH26N4 and heated at a constant temperature of
90 °C for 6 h to grow ZnO nanorods using a hydrothermal
synthesis method.15 Ethanol was introduced to reduce the
surface energy of nuclei16 and to increase the growth rate of
nanorod. In addition, polyvinyl alcohol PVA was used as
an additive to improve the uniformity of the nanorods. De-
tailed experimental parameters are given in Table I.
To fabricate TNT sensors, PPE-toluene solution 4
10−5M was spin coated on quartz plates or the as-prepared
ZnO nanorods with a rotation rate of 2000 rpm, and then
heated at 60 °C in vacuum for 1 h to remove the solvent.
The thickness of PPE layers deposited on quartz plates is
about 4–6 nm measured by a spectroscopic ellipsometer
M-2000, J.A.Woollam, USA. X-ray diffraction XRD
Rigaku D/max 2200VPC, Japan with Ni filtered Cu K
radiation source and scanning electron microscopy SEM
Hitachi S-4700, Japan were employed in characterizing the
crystallinity and morphology. The absorption and fluores-
cence spectra of the samples were measured with a spectro-
photometer Jasco V-670, Japan and a spectrofluorometer
Jasco FP-6500, Japan, respectively. The fluorescence re-
sponse to TNT vapor was ascertained at room temperature by
inserting the sensors into sealed vials 20 ml size containing
aElectronic mail: jgcheng@mail.sim.ac.cn.
TABLE I. Experimental parameters for ZnO nanorod fabrication.
Samples
ZnNO32
mol/l
HMT
mol/l Additive
D1 0.02 0.02 Ethanol:water=1:4 v /v PVA:0.4 wt %
D2 0.02 0.02 Ethanol:water=1:4 v /v
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solid TNT powder and cotton gauze, which prevented direct
polymer analyte contact and helped maintained a constant
vapor pressure. The fluorescence spectra with excitation
wavelength of 400 nm were recorded immediately after ex-
posing the polymer films to TNT vapor for a specific time.
The equilibrium vapor pressure of TNT is assumed to be
similar to the documented values.17
Figure 1 shows the XRD patterns for the ZnO seed layer
and the ZnO nanorods. Compared to an XRD spectrum of
randomly oriented powders, where the dominant peaks are
100 and 101,18 Fig. 1 shows that the 002 peak is very
strong and narrow, whereas the 100 and 101 peaks are
very weak in both XRD patterns of the ZnO nanorods and
the seed layer, indicating both ZnO nanorods and the seed
layer were well crystallized with c-axis normal to quartz
plate surface.
Figures 2a–2d show the SEM images of ZnO nano-
rod arrays. It is clear that PVA pronouncedly effected the
ZnO nanorods growth. With the addition of 0.4 wt % PVA
into the growth solution, the grown ZnO nanorods appeared
better uniformity. The diameters of these nanorods range
from 40 to 100 nm, and more than 80% of them have diam-
eters of 50–60 nm Figs. 2a and 2c. Without PVA, the
diameters of the grown nanorods range from 40 to 180 nm,
whereas only 30% of them have diameters of 80–100 nm
Figs. 2b and 2d. ZnO nanorods grown from the solution
containing PVA show smaller diameter and larger density,
indicating that PVA could increase ZnO nucleation density.
However, the ZnO nanorods grown from the solution with or
without PVA have similar length, about 700 nm. In addition,
hexagon end planes of the nanorods are clearly identified in
Figs. 2a and 2b, providing a strong evidence that these
nanorods grow along the 001 direction and are indeed well
faceted at both the end and side surfaces. The well-faceted
nature of these nanorods will have important implications
when the nanorods are used as waveguides for making low-
loss optical wave guiding possible. Figures 2e and 2f
show the top view and cross-sectional images of D1 coated
with PPE, respectively. The top view image shows that there
are many voids in the nanorod array. The average spacing
between the adjacent nanorods ranges from 30 to 190 nm
except for a few of nanorods connected together. The cross-
sectional image shows that PPE coating has penetrated in
between the spaced ZnO nanorods and forms claddings,
which cover the whole surface of the ZnO nanorods. Al-
though the change in diameter is not obvious, the roughness
of the nanorod surface increased obviously after spin-coating
PPE. The space between the nanorods would be big enough
for TNT molecules traveling as TNT is a small molecule.
Figure 3 shows the absorption and fluorescence spectra
of the samples. At 400 nm, ZnO nanorods are almost trans-
parent, whereas PPE films show a strong absorption. The
fluorescence spectra of the sensors, i.e., S0 PPE films de-
posited on quartz plates, S1 PPE coated ZnO nanorods D1
and S2 PPE coated ZnO nanorods D2, were measured with
an excitation wavelength of 400 nm. Under the same test
condition, the peak values of fluorescence intensity for S1
and S2 are obviously larger than that for S0. The enhanced
emission intensity can be attributed to the evanescent-wave
guiding properties of the ZnO nanorod waveguides.19,20
Due to the large index difference between the ZnO na-
norod and air, most energy of the incident light was confined
within the nanorod until it exited at the top end. According to
the result of Tong Limin’s group, when the diameter of na-
norod meets the following formula, the nanorod will be a
single mode waveguide,21
V = 
D
0
n1
2
− n2
21/2 2.405,
where D is the diameter of the nanorod, 0 is the wavelength
of the excitation light, and n1 and n2 are the refractive indices
of the waveguide core and the cladding layer, respectively.
For the PPE coated ZnO nanorods, if 400 nm excitation light
FIG. 1. XRD patterns for the ZnO seed layer and the ZnO nanorods.
FIG. 2. SEM images of the as-prepared ZnO nanorods and PPE coated ZnO
nanorods. a and c for D1, b and d for D2, and e and f for D1
coated with PPE.
FIG. 3. Absorption and fluorescence spectra of ZnO nanorod arrays D1 and
D2, PPE coated ZnO nanorod arrays S1 and S2, and PPE films S0
deposited on quartz plate.
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is used, then 0=400, n1=2.03, and n2=1.0. Nanorod with a
diameter of less than 100 nm will always be a single mode
waveguide. Light guided along such a nanorod leaves a large
fraction of the guided energy outside the nanorod as evanes-
cent waves, and a thinner nanorod provides much higher
fraction of evanescent waves than that of a thicker one.22
For sensors S1 and S2, nanorods with the diameter less
than 100 nm worked in single mode waveguide and left a
large fraction of the guided light outside the nanorods as
evanescent waves to excite the PPE layers, resulting in en-
hanced fluorescence emission. S1 shows higher emission in-
tensity because it has more thinner nanorods than S2.
Figure 4 shows the time dependence of fluorescence in-
tensity at 460 nm of sensors S0, S1, and S2 excited with
400 nm light in clean air or upon exposure to TNT saturated
vapor. It is clear that the fluorescence intensity kept steady
with time extending for all the three sensors in clean air.
However, upon exposure to the TNT vapor, fluorescence was
quenched for all three sensors with different rates. For S1,
downtrend of response curve tended to show linear relation-
ship with time. However, fluorescence intensity for S0 ex-
hibited an exponential decrease with the exposure time.
Fluorescence quenching kept a longer time in S1 than that in
S0. This phenomenon may be related to the nanorod struc-
ture of S1. Due to the big surface of nanorods, S1 has larger
surface area and accordingly a larger number of PPE mol-
ecules on the surface than that of S0. To quench larger num-
ber excited PPE molecules consumes longer time when the
concentration of TNT vapor is very low.
In conclusion, the structure of ZnO nanorods coated with
fluorescent polymer PPE has been fabricated for TNT detec-
tion. The PPE-ZnO nanorod hybrid structure has shown ob-
vious enhancement in the fluorescence intensities and work-
ing lifetime. The evanescent-wave guiding property of the
ZnO nanorod waveguide allows the concentration of excita-
tion energy on the PPE region, thus leading to strong light
emission with narrowed emission band. The high emission
intensity enables the device to have a considerably high
sensitivity.
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S1, and S2 excited with 400 nm light in clean air or upon exposure to TNT
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